A cohort of 1472 patients who underwent both exercise stress testing and coronary angiography within six weeks was examined. The data indicated that a combination of exercise parameters is both diagnostically and prognostically important. Almost all patients (>97%) who had positive exercise tests at Stage I or Stage II had significant coronary artery disease. More than half of these (>60%) had three vessel disease and over 25% had significant narrowing (>50%) of the left main coronary artery. Patients who achieved Stage IV or greater exercise durations with either negative or indeterminate ST-segment response had less than a 15% EXERCISE STRESS TESTING has received much attention in recent years with the principal focus of interest being its predictive power. Among asymptomatic individuals, those with an abnormal ECG response during exercise have a substantially higher risk of developing manifest coronary heart disease than those with a normal ECG response. Similarly, many investigators have shown that among patients with chest pain and a normal resting ECG, an abnormal ECG response during stress correlates with anatomically significant disease on subsequent catheterization study. Those with a normal ECG response during stress have a substantially lower probability of significant coronary artery obstruction.' Bruce and his colleagues have studied a large general population in whom coronary anatomy was not known. They demonstrated that in addition to the ST-segment response, other parameters used to characterize the patient's tolerance for exercise contained information that was useful in predicting survival.8 " Exercise testing is now used almost routinely by many as a part of the evaluation of patients with angina pectoris or chest pain thought to represent angina, before cardiac catheterization and coronary angiography. These data provide a new opportunity to examine the relation between exercise parameters, singly or in combination, and the angiographic findings. They also provide an opportunity to examine the prognostic value of exercise parameters in patients with known and quantified anatomic disease of the coronary arteries. The purpose of this study was to determine the diagnostic and prognostic value of multiple exercise parameters, alone and in combination, in patients with known coronary anatomy. The ST-segment response, the duration of exercise and the maximum heart rate achieved prevalence of three vessel disease and less than a 1% prevalence of left main coronary artery disease. A low risk subgroup (75% of all nonoperated patients) was identified with a twelve month survival greater than 99%. A high risk subgroup (11% of all nonoperated patients) was identified with a twelve month survival of less than 85%. The exercise test is a noninvasive, reproducible method to assess the presence and extent of anatomic disease and the prognosis when significant disease has been defined. It should be used in conjunction with other noninvasive tests to determine optimal management in patients evaluated for ischemic heart disease.
SUMMARY A cohort of 1472 patients who underwent both exercise stress testing and coronary angiography within six weeks was examined. The data indicated that a combination of exercise parameters is both diagnostically and prognostically important. Almost all patients (>97%) who had positive exercise tests at Stage I or Stage II had significant coronary artery disease. More than half of these (>60%) had three vessel disease and over 25% had significant narrowing (>50%) of the left main coronary artery. Patients who achieved Stage IV or greater exercise durations with either negative or indeterminate ST-segment response had less than a 15% EXERCISE STRESS TESTING has received much attention in recent years with the principal focus of interest being its predictive power. Among asymptomatic individuals, those with an abnormal ECG response during exercise have a substantially higher risk of developing manifest coronary heart disease than those with a normal ECG response. Similarly, many investigators have shown that among patients with chest pain and a normal resting ECG, an abnormal ECG response during stress correlates with anatomically significant disease on subsequent catheterization study. Those with a normal ECG response during stress have a substantially lower probability of significant coronary artery obstruction.' Bruce and his colleagues have studied a large general population in whom coronary anatomy was not known. They demonstrated that in addition to the ST-segment response, other parameters used to characterize the patient's tolerance for exercise contained information that was useful in predicting survival.8 " Exercise testing is now used almost routinely by many as a part of the evaluation of patients with angina pectoris or chest pain thought to represent angina, before cardiac catheterization and coronary angiography. These data provide a new opportunity to examine the relation between exercise parameters, singly or in combination, and the angiographic findings. They also provide an opportunity to examine the prognostic value of exercise parameters in patients with known and quantified anatomic disease of the coronary arteries. The purpose of this study was to determine the diagnostic and prognostic value of multiple exercise parameters, alone and in combination, in patients with known coronary anatomy. The ST-segment response, the duration of exercise and the maximum heart rate achieved prevalence of three vessel disease and less than a 1% prevalence of left main coronary artery disease. A low risk subgroup (75% of all nonoperated patients) was identified with a twelve month survival greater than 99%. A high risk subgroup (11% of all nonoperated patients) was identified with a twelve month survival of less than 85%. The exercise test is a noninvasive, reproducible method to assess the presence and extent of anatomic disease and the prognosis when significant disease has been defined. It should be used in conjunction with other noninvasive tests to determine optimal management in patients evaluated for ischemic heart disease.
were utilized to predict the presence and extent of significant coronary artery disease. The prognostic value of these parameters was examined in patients followed six to fortyeight months.
Methods
The computerized information system used for analysis in this report has been described previously.'41" The data bank contains nearly 700 items of clinical, angiographic, hemodynamic, surgical, and follow-up information on 2290 patients who have undergone cardiac catheterization and coronary angiography at the Duke University Medical Center between January 1, 1971 and June 30, 1976. Selective coronary cineangiograms were obtained in multiple LAO and RAO views of both the right and left coronary system. Biplane left ventricular cineangiography was routinely performed in simultaneous shallow RAO and steep LAO projections. Ventriculography was routinely done prior to coronary angiography. Angiograms were interpreted by two or more experienced angiographers in conference. Significant coronary artery disease was defined as 75% or greater occlusion of at least one coronary vessel. The left ventricular contraction pattern was interpreted as normal or abnormal, where normal indicated the absence of areas of asynergy or a localized ventricular aneurysm. Abnormal indicated the presence of a localized area of asynergy, aneurysm, or multiple areas of asynergy resulting in a diffusely abnormal contraction pattern. Fourteen hundred forty-nine of these patients have been shown to have angiographically significant coronary artery disease. The remaining patients had angiographically normal coronary arteries or insignificant involvement of one or more coronary arteries.
This report deals with 1472 patients who had a treadmill exercise test performed within six weeks of the time of catheterization and angiography. The present series includes the 650 patients previously reported from this institution.' Although strict criteria regarding indications for exercise testing were not routinely applied, very sick people were generally not exercised while all others routinely underwent treadmill exercise testing. 64 Patients were exercised using the graded multi-stage protocol of Bruce.8 Exercise was continued for three minutes at each stage. Patients were encouraged to exercise to their maximum. Tests were terminated due to symptoms such as chest pain, fatigue, dyspnea, claudication, arrhythmias, or marked ST-segment changes on the electrocardiogram. Four standard electrocardiographic leads usually V, and V4-V6 were continuously monitored by a fourchannel oscilloscope. Twelve standard electrocardiographic leads were continuously recorded on a Siemens-Elema strip chart recorder during the last thirty seconds of exercise; two minutes, four minutes and six minutes after exercise; and at the time of any noted arrhythmias or ST-segment changes during or after exercise.
ST-segment response was interpreted according to standard criteria. The following ST-segment changes were considered positive: 1) horizontal or down-sloping ST-segment depression of 0.1 mV or greater persisting at least 0.08 sec in the absence of pre-existing ST-segment abnormalities and in the absence of any drug or electrolyte disturbance known to induce such changes; 2) ST-segment elevation of 0.1 mV or more than the control tracing in any lead except aVR; 3) in the presence of ST-segment depression in the control tracing, additional depression greater than or equal to 0.2 mV was required.
A test was considered negative only when a subject had achieved 85% of the maximum heart rate predicted and did not have positive ST-T changes. The predicted maximum heart rate was determined by subtracting the patient's age from 220. All tests which could not be definitely classified as positive or negative were placed in an indeterminant category. Other reasons for an indeterminant response included pre-existing ST-T abnormalities, left bundle branch block, recent ingestion of a digitalis preparation, and the development of a serious arrhythmia during exercise.
Follow-up information was obtained at six, twelve, twenty-four, thirty-six and forty-eight months after initial evaluation. These data were obtained by staff cardiologists during a clinic visit or by a research associate by telephone. Follow-up was 99.5% complete; that is, the follow-up information at each interval for all patients was known in 99.5% of the instances in which the patient had reached the end of the appropriate interval.
The 1472 patients were stratified sequentially with respect to the ST-segment response, exercise stage entered, and heart rate achieved. The ST-segment response was characterized as positive, negative, or indeterminate. The exercise duration was characterized by the stage entered (i.e., I, II, III, or greater than or equal to IV). The category, greater than or equal to Stage IV, was used because of the small number of patients with an exercise duration into Stage V or VI, sixty and four patients, respectively. Subgroups were determined with respect to a maximum heart rate achieved by stratifying patients by increments of ten beats per minute. An age-adjusted index of heart rate was considered in addition to maximum heart rate achieved. The effect of prior treatment with beta-blocking agents was also examined. Details are given in the Appendix. The diagnostic value of each parameter with respect to predicting significant narrowing of at least one major coronary vessel, of all three coronary vessels, and of the left main coronary segment was determined individually and in combination.
Significant narrowing of the left main coronary artery was defined as >50% occlusion.
The prognostic value of the ST-segment response, exercise duration and maximum heart rate achieved was examined in a similar manner. For each stratum of the individual variables, cumulative life-table survival rates'8 were determined in all nonsurgical patients and in those nonsurgical patients with significant coronary artery disease. Differences in survival were compared by the categorical general linear model." The extent to which important clinical, angiographic, and hemodynamic variables were unequally distributed among the subgroups defined by each treadmill variable was determined with chi-square statistics. To assess jointly the prognostic effects of the treadmill variables, the data were also analyzed by means of a statistical survival model developed by Cox.'6 Surgically treated patients were not included in the prognostic analysis.
Results
Eight hundred seventy-six of the 1472 patients exercised had angiographically significant coronary artery disease. Four hundred fifteen had significant obstruction of all three major coronary vessels. Five hundred ninety-six patients had either normal coronary anatomy or insignificant disease only. Among patients with angiographically significant disease 302 were managed surgically and 574 patients continued medical management.
In examining the diagnostic value of the exercise test, the ST-segment response and exercise duration contained the most predictive information. Of these two parameters, ST response was superior to exercise duration in predicting both the presence of significant coronary disease and its extent. Ninety percent of patients with a positive exercise test had coronary artery disease and 44% had significant three vessel disease. Seventy-one percent of patients who could not exercise beyond Stage I had significant coronary disease and 39% had disease of all three major vessels. The prevalence of >50% obstruction of the left main coronary artery was 16% in both those with positive tests and those who stopped during Stage I. It is significant that a positive treadmill test did not identify all patients with significant coronary disease. Forty-three percent of 793 patients with a negative adequate treadmill had significant disease. Furthermore, treadmill stage achieved did not correlate well with the absence of coronary disease. Forty-seven percent of 421 patients who. achieved Stage IV or higher had significant coronary disease. Fourteen percent of patients who either had negative adequate tests or achieved Stage IV had significant disease of all three coronary arteries (table 1) .
When the ST-segment response and exercise duration were combined, the diagnostic value of the exercise test was improved significantly (table 2) . Ninety-eight and 97% of patients with positive tests in Stage I or II, respectively, had significant disease of at least one coronary artery. The prevalence of three vessel disease in these groups was 73% and 51%, respectively, and the prevalence of left main disease was 27% and 24%, respectively. Three vessel coronary disease was infrequent in patients who reached Stage III or greater and had a negative adequate test (11% and 9%). Yet, even among patients who reached Stage IV without significant displacement of the ST segment, disease involving at When exercise tests were classified as positive, negative or indeterminate, no added diagnostic information was obtained by using the absolute level of maximum achieved heart rate in the stratification.
The predictive value of exercise parameters with respect to survival was evaluated in 1170 patients who were subsequently treated by medical means. Of these patients, 574 had significant disease involving at least one coronary artery. Survival data are shown in figures 1-3. Panel A of figures 1, 2 and 3 show survival curves for the entire nonsurgical cohort and panel B of figures 1, 2 and 3 considers only those subjects who were shown on catheterization to have significant narrowing of one or more coronary arteries. It is evident from figure 1A that the ST-segment response during exercise was correlated with survival. Those patients with negative exercise tests had an excellent early prognosis. Ninety-nine percent survived twelve months and 94% survived forty-eight months. Patients with a positive exercise test had a poorer prognosis. Ninety-two percent survived twelve months, but only 80% survived forty-eight months. Patients with an indeterminate exercise test had an intermediate survival. Ninety-six percent survived twelve months and 88% survived forty-eight months.
The ST-segment response was also a powerful prognostic parameter when the diagnosis of significant coronary artery disease was known ( fig. 1 B) . While the survival in all patients decreased, the difference between patients with positive and negative tests remained. The forty-eight month survival in patients with a negative exercise test was 90% as compared to 77% in patients with a positive exercise test (a difference of 13% when the diagnosis was known compared to 14% when patients without significant disease were included). In patients with significant disease, those with an indeterminate exercise test had a survival rate similar to those with a positive test (91% survived twelve months and 74% survived forty-eight months).
The survival rates for patients stratified according to exercise duration or maximum heart rate are shown in figures 2 and 3, respectively. Both parameters correlated with survival 100 (figs. 2A, 3A) and the observed differences persisted when the diagnosis of significant anatomic disease was known (figs. 2B, 3B). When all nonsurgical patients were examined, patients able to exercise into Stage IV or greater or able to achieve maximum heart rate of .160 had a 99% survival through twelve months. The forty-eight month survival in these patients was 95% (figs. 2A, 3A). Maximum heart rate, a continuous variable, was stratified at >160, >120 but < 160, and < 120 to highlight the excellent survival in those patients with a maximum heart rate of >160. Patients with decreased exercise capacity or lower maximum heart rates had a poorer prognosis. Survival in patients stopping exercise in Stage I was 85% at twelve months and 78% at thirtysix months. Survival in patients with a maximum heart rate less than 120 was 91% at twelve months and 74% at fortyeight months. The observed differences in survival with respect to exercise duration and maximum heart rate were even more marked in patients with significant coronary artery disease (figs. 2B, 3B). Survival in patients with Stage IV or greater exercise duration or with a maximum heart rate >160 was 99% at twelve months and 90% at forty-eight months. Only 59% of patients stopping exercise in Stage I survived twenty-four months and only 58% of patients with a maximum heart rate <120 survived forty-eight months.
Utilizing a combination of exercise parameters the cohort could be divided into high and low risk subgroups ( fig. 4 ). Eight hundred seventy-six (74%) of the nonsurgical patients had either a negative test or exercise duration Stage IV and/or a maximum heart rate > 160. Survival in these patients was 99% at twelve months and 93% at forty-eight months. One hundred thirty-four (11%) of the nonsurgical patients had a positive test in Stage I or II. Survival in these patients was 85% at twelve months and 63% at forty-eight months. Thirty-three of these 134 patients had a maximum heart rate <120. Survival in these patients was 80% at twelve months and 31% at forty-eight months.
The relative prognostic value of each treadmill variable as assessed using the survival modeling method of Cox variable is important, both in the overall nonsurgical group and in the nonsurgical patients with known CAD. This is indicated by the magnitude of the chi-square statistics in column 1 of table 3. When all three variables are considered jointly, however, (column 2) the effect of maximum heart rate achieved is diminished considerably after adjusting for the information in ST-segment interpretation and exercise duration. Its effect remains significant, however, within the overall group. As a prognostic indicator, the most powerful of the treadmill variables in the overall nonsurgical series is the ST-segment interpretation, followed by exercise duration. This order is reversed in the patients with known CAD. For the latter group, exercise duration ranks highest in prognostic value, after adjusting for the effects of the other variables. In either group, an alternative "age-adjusted" index of heart rate (see Appendix) proved no better as a prognostic indicator (indeed, even slightly less powerful) than simply the maximum heart rate achieved. , table 4 shows that a large number of invasive and noninvasively obtained descriptors which themselves relate to decreased survival are more prevalent in patients with positive exercise tests than in those with negative tests. These descriptors are also more prevalent in patients who failed to reach a heart rate of 120 beats/min than in those who reached a heart rate of .160 bpm (table 5), and they are more prevalent in patients who stopped exercise at Stage I or II than in those who reached Stage III, IV or higher (table 6) .
Discussion
Previous reports have demonstrated that an exercise stress test with electrocardiographic monitoring provides data which discriminate between patients with and without significant anatomic obstruction in the coronary arteries. Exercise test parameters have also been shown to correlate with extent of coronary artery disease. Despite these observations the exercise test has been criticized because of a relatively high incidence of false positive tests and a disturbingly high incidence of false negative tests. The sensitivity of the exercise test varies with the criteria used to assess STsegment changes and to interpret tests as positive or negative. The false positive rate of the exercise test varies principally as a function of the age and sex of the population tested and whether the test is employed primarily to screen an asymptomatic population or to assess functional status in patients with a strong probability of coronary disease based upon other criteria (typical angina, prior MI, etc.). This manuscript deals with patients who for the most part were referred to a medical center for catheterization either to, evaluate chest pain of uncertain cause or to establish the need and suitability of patients for surgical treatment when symptoms were almost certainly attributable to coronary artery disease. The conclusions which follow should not be extended without further supportive evidence to population groups which are studied for reasons significantly different from those specified above.
The results of this study are consistent with reports from others concerning the diagnostic value of the ST-segment criteria used to define tests as positive or negative. Ninety percent of the patients in this study who had a positive exercise stress test had significant coronary artery disease and 44% had three vessel disease. It was also observed that 43% of patients with subsequently established significant disease of the coronary arteries had a falsely negative exercise test. One purpose of this study was to assess whether or not combining another descriptor, namely exercise duration, with the measurement of ST-segment changes improved the diagnostic accuracy of the test. More than 97% of patients who had a positive test at Stage I or Stage II of the Bruce protocol had significant coronary disease and over 60% of these patients had three vessel disease. We conclude that an abnormal test at a relatively low level of physical effort on the treadmill is a more specific predictor of coronary disease than is an abnormal test at higher levels of effort. A negative adequate exercise test, even among patients who achieve Stage III or higher, does not exclude significant coronary disease (36-46% false negative). On the other hand, three vessel coronary disease was relatively rare in patients with a negative test at Stage III or higher (10-11%).
In our view, it is to some extent unfortunate that the term false negative has been applied to the patient with 75% or greater obstruction of a coronary artery based upon angiographic interpretation in whom an adequate (85% of age adjusted heart rate) stress test fails to reveal ST-segment displacement even when the duration of exercise is long. The angiogram itself is subject to a level of observer variability and quantitative error. Further, it is known that 75% or greater obstruction of one or more coronary arteries occurs in patients with no cardiac symptoms and is compatible with a normal life expectancy. The angiogram defines the anatomy of the coronary arteries. It does not measure flow into myocardial regions distal to a diseased segment, and it is carried out at rest. The exercise test does not define the exact anatomy. It is an indirect measure of the adequacy of perfusion during physical stress. It is our view that these two tests normally complement each other. To test this hypothesis we have attempted to show that the exercise test contains prognostically important information and that these exercise parameters which relate to prognosis can be shown to discriminate patients with low and high survival rates even when comparable anatomic coronary disease is present.
In patients with known CAD, exercise duration and maximum heart rate, considered individually, were of considerably more value in assessing prognosis than was the STsegment response. Comparison of survival rates with respect to positive and negative ST segment interpretation demonstrated a 13% difference in these patients ( fig. 1B) . When the diagnosis of significant anatomic disease was known, the prognostic implications of exercise capacity and maximum heart rate were more dramatic (figs. 2B, 3B).
These results were quantitatively affirmed when the variables were individually considered within the Cox survival model. A strength of this method of analysis lies in the ability to jointly consider several variables simultaneously, and draw inferences regarding the importance of each descriptor after accounting for the information in the other variables. This capability is particularly valuable in a setting such as ischemic heart disease, where multiple characteristics interrelate to determine both short-term and long-term outcomes. When considered jointly in the overall nonsurgical series, the variable appearing as the most important prognostic indicator was ST-segment interpretation, followed by exercise duration. Given these two descriptors, the importance of heart rate diminished considerably, although it remained statistically significant. In the nonsurgical patients with significant coronary disease, joint consideration of the variables identified exercise duration as the best prognostic indicator, followed by ST-segment interpretation. Given these two variables, the prognostic information remaining in the heart rate achieved was not significant.
Because the exercise test heart rate is associated with factors such as age, an "age-adjusted" index of heart rate was considered. Possible effects of beta-blocking agents were examined and eliminated. This additional analysis is detailed in the Appendix. The age-adjusted heart rate was no better as a prognostic indicator than the maximum heart rate achieved. Among patients known to have not been on propranolol, the order of the variables in terms of their prognostic importance was unchanged.
Many of the observations made by Bruce, Ellestad, and others about the prognostic importance of the ST-segment response and other exercise parameters in the general population have been extrapolated to patients with known coronary disease. The diagnostic value of multiple parameters and the validity of prognostic extrapolation has not been examined in a defined population of patients with known anatomy and long-term follow-up. A recent study by Goldschlager and her co-workers3 has documented the importance of the magnitude and duration of ischemic changes appearing in the first three minutes of exercise. Others have described the diagnostic value of hypotensive changes that have occurred with exercise.7 These studies, however, have predicated the prognostic importance of such diagnostic information by comparison with natural history studies from other institutions. We are presently examining the diagnostic and prognostic value of these and other parameters in our series. However, the therapeutic implications evident from the data presented in this manuscript using a combination of exercise parameters would appear obvious.
The prognostic information obtained from the patient's exercise test can be used to decide when extensive diagnostic evaluationsuch as cardiac catheterization and angiographyshould be undertaken. Using a combination of parameters, patients with a one year survival of greater than 99% can be identified. Those patients able to exercise into or beyond Stage IV, or able to achieve a maximum heart rate > 160, and/or with a negative test are unlikely to require urgent bypass surgery since their short-term survival approaches 100%. This group constituted 75% of all nonsurgical patients. Even if the patient had significant CAD, the one year survival was 98%. Urgent surgery designed to enhance survival cannot be justified in such patients. An initial trial with medical treatment and reduction or control of known risk factors should be considered. Failure to respond 69 VOL 57, No 1, JANUARY 1978 to more conservative management would then be reason to proceed to more aggressive diagnostic and therapeutic measures.
A high risk subgroup constituting 11% of all nonsurgical patients can also be identified. Patients forced to stop exercise in the early stages (I or II) at a low heart rate with a positive test have a high prevalence of coronary artery disease, especially three vessel disease and left main coronary stenosis. When such patients do have coronary artery disease, their immediate prognosis is relatively poor. These patients are candidates for more aggressive therapy.
The power of exercise parameters in predicting survival is based on their correlation with other important risk favors. It is certainly reasonable to expect that patients with a positive test, shorter exercise duration, or lower maximum heart rate, might be those with more extensive anatomic disease as well as poor ventricular and hemodynamic function. This tendency is reflected in the results of each variable assessed. The information from the exercise test is reproducible and may be obtained without significant morbidity and mortality. Exercise testing should be used in conjunction with other noninvasive parameters in the evaluation and management of patients with suspected ischemic heart disease.
Appendix In order to account for possible effects of age on the maximum heart rate achieved (MHR), an alternative heart rate index (HRI) was considered, HRI = MHR/(220-age). In the overall nonsurgical group, the values of this index ranged from 0.42 to 1.16. The correlation coefficient between HRI and MHR was 0.94. Subgroups were determined by stratifying patients by increments of 0.1 in the HRI. The variable HRI was actually slightly less discriminatory than MHR. Maximium heart rate 1.6* HRI 0.03* *NoLsignifi¢ant, P >0.05. tChi-square statistics with 1 df.
In terms of cumulative survival probabilities, the gradient of risk from high values of HRI to low values was less than the risk gradient for maximum heart rate achieved. When HRI was included jointly with ST-segment interpretation and exercise duration in the Cox model survival analysis, its prognostic importance after adjusting for the other two variables was negligible.
The heart rate achieved during an exercise test can also be affected if the patient has recently taken a beta-blocking agent. Within subgroups defined by HRI, the percentage of patients who had received Inderal increased substantially as the HRI decreased. This is shown in table A.1 for both the overall nonsurgical group and the nonsurgical group with known CAD. Among patients with values of HRI below 0.7, the percentage is approximately 2.5 times that for the patients with values of HRI > 1.0.
To eliminate any drug effect, an analysis was performed with the exercise variables among patients known to have not been on Inderal prior to hospitalization. Statistics from an application of the Cox model (table A.2) revealed that in terms of their prognostic importance, the ordering of the variables was unchanged.
